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SUMMARY

Thisreportsummsri.zestheresultsofa projectat theLewisFlight
PropulsionLaboratoryto silencethe8- by 6-footsupersonicwindtunnel.
Soundmeasurementsintheneighborhoodsurroundingthetunnelwerecon-
ductedto evaluatethenoise-attenuationrequirements.A muffler-
developnentprogrsmwascontinueduntiltheseattenuationswereachieved.
Thefinaldesi~ fortheacoustictreatmentisdescribedahdexperimental

. performancecurvesarecmparedwithanticipatedtheoreticalresults.

4
INTRODUCTION

Thisreportpresentsresultsofa researchandengineeringprogram
perfomnedduringthefirsthalfof1~ thatresultedinan acoustical
treatmentforthe8- by 6-footsupersonicwindtunnelat theLewis
FlightPropulsionLaboratory.Thistunnelhasa conicaldiffuserabout
200feetlongwhichexhauststhroughacousticfilterstotheatmosphere.
Theexitdiameterofthediffuserisabout26feet.

Priorto 1949,duringtheperiodwhenthetunnelwasunderdesign,
a pmtialevaluationoftheexpectednoiseproblemwasperformedand
certainlimitedrecommendationsforacousticaltreatmentweremade. An
accurateestimateoftheprobablenoisefrm a windtunnelofthissort
wasnotpossibleat thatt-e becauseofthelackof concreteinforma-
tionontheacousticpowerlevelsmdspectrumofthenoisegeneratedby
a largersmjetburningina supersonicairstresm.Becauseof this
uncertainty,itwasdecidedby theNational.AdvisoryCommitteefor
Aeronauticstoprogyesswiththeacousticaltreatmentina stepwise
manner.Certainacousticalquietingmeasureswereadoptedintheini-
tialconstruction.Nearlyallofthesemeasureswerefoundtobe neces-
saryinthefinalacousticaldesign.

Theinitialacousticaltreatmentconsistedofa concreteenclosure
a sxoundtheconicaldiffuserhavinga sidewallthicknessof8 inchesand

a roofthiclmessof6 inches.Inaddition,a largeplenumchamberwas
+
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constructedattheendofthetunnelwhichincludeda thickacoustical.
treatmentplaceddirectlyinlinewiththeairstreamandopenings
throughwhichtheairstreamcouldescapeon eithersideof theplenum
chamberatrightsnglestotheflowofair. Theseopeningswerepsr-
tiallyfilledwithp~allelacousticbaffles.

Thetunnelwasfirstusedinthelatespringof 1949.No jetwas
inthetestsection.Whenthetunnelwasoperatedat supersonicspeeds,
thenoiseprovedtobe objectionableaftermidnightto theneighbors.
Forlowah velocities(Mchnumbersof1.2and1.6),thenoisewas
barelyobjectionable,butitbecamemoreobjectionableasthetest-
sectionspeedsapproacheda Machnumberof2.0.

MeasurementswereconductedattheLewisFlightPropulsion
Laboratoryinthesummerof 1X9 by thestaffofBoltBeranekand
Newman,Inc.,andbyNACApersonneltodeterminethenoiselevelsasa
functionofMachnumberinthetestsectionandasa functionofdis-
tancefromthetunnel.Thisstudyresulted.ina seriesofrecommenda-
tionsforreducingthenoiselevelsemanatingfromthetunnel. .

InJanuary1~0, priortoanyacousticalrevisions,burningby a
16-inch-diameterrsm$etwasinitiatedinthetunnel.Operationafter
midnightwashighlyob~ectionabletopeoplelivingwithina radiusof
5 milesfrcanthetunnel.Thetunnelwasimmediatelyshutdownandwas
notoperatedanyfurtherunderthoseconditionsofburning,exceptfor
a seriesofnecessaryacoustictestswhichwereusedasa basisforthe
subsequentnoiseanalysis,untila satisfactoryacousticdesignwas
ccmpletedinAugust1950.

Oneofthespecialacoustictestswasmadetoobtaindetaileddata
onthenoiseproducedby thetunnelattwoMachnumberswiththejet
burning.Itwassoonrevealedthathighnoiselevelswereproducedat
frequenciesaslowas ~ cpsandashighas 10,000cps. Theverylow
frequencieswereresponsibleforrattlingofwindowsandforproducing
soundssimilartoa seriesofexplosions.Itwasnecessary,therefore,
toprovideanacoustical.treatmentinthetunnelthatwouldbe effec-
tiveoverthefrequencyrangefromapproximately4 cpstoveryhigh
frequencies.

Inorderto quieta tunnelofthissizewithabsolutecertaintyof
‘success,itwasnecessaryto enterintoa concentratedresearchprogrsm
involvingscalemodelsofthewindtunnel.Thesestudiesresultedina
treatment(seefigs.1 and2)thatcomprised(1)a seriesoffivereso-
natorseffectivebetween5 and11cpslocatedinthespacebetweenthe
conicaldiffuserandtheconcreteouterhousing,(2)a seriesoffive
resonatorseffectiveinthefrequencyrangebetween32and20cpsinan
added-mufflersection,(3)a sPeci61absorptivetuned-ductarrangement
thatproducedhighattenuationinthefrequencyrangebetween20and

.-
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. 800CPS,(k) a seriesofpsrallelbafflesattheexhaustendoftheaddedb mufflerthatremovedthosecomponentsofnoiseinthefrequencyrange
between800and5,000cps,and (5)twolinedbendsinthestructure,one

●

ofwhichexistedat theoutletendoftheoriginalconstructionandthe
otherofwhichwasaddedat theoutletendoftienewconstruction.

Theattenuationachievedinthefinaldesi~wasmorethanadeqyate
toprovidetherequirednoisereductiontoallowresesrchinvestigation
of supersonicJetenginesinthetunnel.Thetreatmentshouldbe ade-
quateforthetestingof jetengineswithfuelconsumptionseveral
timesthoseusedat thethe theacousticaltreatmentwasinstalled.

Theexperiencegainedonthislargequietingjobhasrevealed
methodsfortheacoustical.treatmentofnoiseaccompaniedby steadyair
flowandhasshownmeansforachievinghighacousticattenuationsin
structureswithlargeopensreas.

ThisworkwasconductedfortheNACAinclosecooperationwith
. membersoftheNACALewisLaboratorystaffwhomadesubstantialcontri-

butionstotheresearchevaluationsandengineeringdesignsofthe
acoustictreatment.Thepresentreportisbeingpublishedbecauseof

s itsgeneralinterest.

CHARACTERISTICSOFNOISESOURCE

~ ordertodesigntheacousticaltreatment,itwasnecessaryto
determine(a)thenoisecharacteristicsinthevicinityof thewind
tunnelsmd (b)thenoiselevelsthatwerefoundtobe annoyingthe
neighbors.Datawerefxdsenon severaloccasionsundervsriouscondi-
tionsoftunneloperation.

Thefirstacousticalfieldsurveywascarriedoutduring1%9.
Thetunnelwasoperatedwithtest-sectionMachnunbersbetween1.5and
2.0,anddataweretakenat ~ stationsaboutthetunnelandata dis-
tanceofapproxtitely2,000feet. At thetimeofthissurveynomodel
waspresentinthetestsection.

Soundpressurelevelstakenat a position3 feetinfrontofthe
outsidefaceofoneof thetwosetsofbafflesat theoutletendare
showninfigure3. me fourcurves’areforMachnumbersbetween1.5
and2.0. In figurek thenoiselevelsmeasuredatapproximately
2,000feetareshownfora test-sectionMachnmber of2.0. Thecurves
nearthetunnelshowan orderlyincreaseinlevelwithincreasingl&ch

. number,whilethelevelsfartherawaywerenotveryfarabovethenormal
dafiimebackgroundlevel.
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The secondsetofdata
consistedoffourgroupsof

.
was&lsottien in thesummerof199 and -.“
measurementsasfollows:

(1) Close-upmeasurementsobtainedaroundtheoutsideofthecon-
.

cretehousingsurroundingthetunnelalongitsenttielength.
—

Station
numbers1 to 8, indicatedinfigure>,representthemeasuringpositions.
Forthesemeasurementsthemicrophonewasmountedona 20-footpoleand
placedata distanceofapproximately2 feetfromtheradiatingsurface.

(2) Measurementsobtainedwithintheimmediateareaofthetunnel.
Stationsweremarkedona 180°arcfromthecenterofoneof theorigi-
nalbafflesectionsatdistancesof 100feetand200feetas indicated

—

by stations100to106and200to206infigure5.

(3) Measurementsobtainedwithintheconcretehousingsurrounding
thetunnel.Forthesemeasurementsthemicrophonewaaplacedata dist-
ance ofapproximately1 footfromthesteelshellofthetunnel.Sta-
tions9 and10representthesemeasuringpositions. —.

(4} Measurementsobtainedatvariousdistancesfromthetunnel, —

extendingas

someof
Thestations
figure~.

farascertainresidencesatdistancesasfaras 2,000 feet. 5

thedatafromthosestudiesareshowninfigures6 and7.
showninfigure6 correspondtothepositionsindicatedin

Itwasquiteapparentfrcmthosedata.thatthenoisewasemanating
primarilyfromtheopenings(stations1 and3 of fig.5)attheend
ofthetunnel.Thedataat thesetwostationswereapproximately17to
30decibelshigherthanthosemeasuredattheotherstations.It seemed
clearfrcmobservationsthatthenoisewasgeneratedinthetestsection
itself.At stations100and101(seefig.5) increasedlevelswere”
obtainedbecauseofnoisecomingfrcmtheexhausterbuildingwhichwas
situatednearstation7. Low-frequencybandsofnoisepossessnonotice-
abledirectionalproperties.

As isoftenfoumdtobe thecase,thesoundlevelsdecreasedapprox-
imatelyattherateof6 decibelsperdoublingofdistanceup toa dis-
tanceofabout3,200feet(see.fig.8). Analysisalsoshowedthatthere “-
wasno substantialattenuationgainedfromthepropagationofthesound
overtheterrain,eveninthe600-to1,200-cpsfrequencyband.

Operationofthetunneltoobtatithethirdgroupofmeasurements _ ,
wasrestrictedtotwoairflowvelocitiescorrespondingtoMachnumbers
of 1.45sad2.0~der conditionsofrsm-jetoperationofroughburning,
smoothburning,andwiththersmjetcold. Becauseofa restrictionon *
thelengthof timethetunnelwasallowedtooperateforthisparticular

—

test,a ~um numberoffivemeasuringstationswereselectedforeach s-
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.-
conditionofoperation.Fourstationswerelocatedat
21,300,snd2,000feetfrcmthesouthexitbafflesof

. fifthmositionwaslocatedwithintheconcretehousing

distmcesof3,
thetunnel.The
ofthetunnel

shellit a distanceof1 footfrcmthesurfaceofthetumnel.

Figures9 and10 show,respectively,thenoisespectrameasuredat
a position3 feetfrc?nthebafflesandata distanceofapproximately
2,000feetfromthetunnel.Thedatashowthat,forsomereason,the
noiselevelswiththemodelinthetestsectionwerelowerby a small
butsignificantamountthanthelevelsobtainedforthecasewithout
themodelinthetestsection.Themeasurementsfurtherrevealedthat
underconstantburningconditionsthesoundspectraat a givenposition
me independentofMachnumber.

Infigure10thequietestbackgroundspectrummeasuredisalso
shown. It is seenthatthisbackgroundlevelis.considerablylowerthan
thatreportedinfigure4. Themeasurementsinconnectionwithfig-
ure4 weretakendur~ daylighthourswhilethoseoffigure10were. takenatnight.

> Inadditionto thedatashowninthesefi~es, datawerealso
takenbyNACApersonnelusingStathsmpressuregagesplacedwithinthe
operatingramjetitself.Thedatafromthesegagesindicatedthattwo
low-frequencysoundpressurelevelswerebeinggeneratedintheengine
orwithinthetestsectionitself- onelocatedapproximatelyat 50cps
andtheotherlocatedbetween5 and8.5cps. FYomtheStathsmgage
recordingsapproxtitevaluesofthealternatingpressureamplitudeof
eachofthetwolow-frequencycomponentswereobtainedandconvertedto
soundpressurelevels.Thesoundpressurelevelsestimatedfra these
measurementswere172decibelsat 8.5cpsand170decibelsat 50cps.

Thelow-frequencydataweresupplementedby furtherpressuresmd
sound-levelrecordsobtainedby NACApersonnel.Analysisoftypical
recordsobtainedfromthemeasurementsshowedthatduringroughburning
thepredominantnoisecmponentlaybetweenthelimitsof5 cpsand
10Cps. Thesoundpressurelevelinthisrangeoffrequenciesat a
distsmceof~ feetfromthesouthexitoftheoriginalwindtunnellay
between118and125decibels.Theacousticmeasurementsalsoshowed
thatduringsmoothburningma~orfrequencycomponentsofthenoiselay,
between20 cpsandTOCPS.

Allmeasurementsreportedindicatedthattherewasa considerable
amountof soundenergybelow80cpswiththeprincipalfrequencycompo-
nentslyingintherangesfrom5 to 10CPSand40 to50 CPS. Themeas-
uredandcalculatedsoundpressurelevelsandthepredominantfrequencies
Inthisrangeas determinedfromthevariousmethodsofmeasurementwere
ingeneralagreementwitheachother.

*
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CRITERIONFORACCEPTABLERACKGROUNDLWELS &
9

me discomfortandannoyanceduring~et-engineoperationinthe
8-by 6-foottunnelwereattributedbymanyobserversasbeinglargely

.-

duetothehighlevelsofthelow-fre~encynoise(below300cps). In
addition-tothesereactions,theverylowfrequencynoisealsocaused
windowrattlingandbodyvibration.

It isa difficultmattertoattemptto evaluatethediscomfortto
peopleproducedby anytypeofnoise.As a result,a designcriterion
wasestablishedby combining(a)thebackgroundlevelsmeasuredat
2,000-footdistanceand(b)the20-decibelequal-loudness-levelcon-
touras showninfigureU. Theloudness-levelcontourhasbeen

—

adjustedinleveltocorrespondtothecaseofoctavebandscontaining
randomnoise(seeref.1). Thiscriterioncurvelaterwasdesignated
as theBBNnighttimecriterion.Inrecentyews, thisparticularcrite-
rionhasbeensomewhatmodifiedasa resultoffieldexperiencebasedon
accumulatedstatisticaldata. Thepresentbestestimatefor,thiscri-
terionisalsoshowninfigureU. =—

Manyobjectionsfromneighboringresidentswereobtainedwhenthe .-
tunnelwasoperatedwithsteadyburningatMach2.0(seefig.10). ~-
Someobjectionswerealsoobtainedtothenoiseprducedwhentherewas
noburningandnomodelinthetestsection.Thisconditionisshown
by thesecondcurvefromthetoph figure10. Obviously,no objections
couldberegisteredagainstthetunnelwhenitwasnotoperating.This
conditionis shownby thebottmucurveinfigure10,whichwasusedto
determinea portionofthecriterioncurveforthe8-by 6-footwind
tunnel.

Baseduponthesestudies,a designspecificationshowninfigure12
wasobtainedby subtractingthecriterioncurveinfigure11 (heavyline)
fromthetopcurveinfigure10. Theair-andterrain-lossdatashown
infigure12 were
Theselossesvary

DESIGNAND

.

takenfrcxnthefilesof~lt BeranekandNewman,Inc.
greatlywithwindconditions.

PREDICTEDPERFORMANCEOFACOUSTICALTREATMENTS

mw-l?requencyResonators,5 toU.Cps

Onthebasisofthenoisemeasurementsmentionedinthesection
entitled“CharacteristicsofNoiseSource”theconclusionwasreached
thatinthefrequencyregionbetween5 and40 cpsthenoiselevels
shouldbe attenuatedby 30decibelsifpossible.A studyofthetunnel
constructionrevealedthatitwouldbe possibletoplacea seriesof
resonatorscoveringthefrequencyrangebetween5 and11cpsinthe ==

v
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* spacebetweentheoriginalconcretehousingandthesteelconicaldif-
-. fusingsectionofthetunnel.Resonatorstocontrolthefrequenciesin

thersngebetween,12and20 cpswouldhavetobe incorporatedinsec-. tionsformingan extensionto theexistingtunnel.

Theacousticalresonatorsweredesignedaccordingtoformulas(1)
to (7)givenintheappendix,andtheseresonatorswereincorporatedin
theexistingstructureas showninfigures1,2,and13. Theopenings
of eachofthefivelowestfrequencyresonatorsconsistedoffourrectan-
X slotscutthrou@thesteeldiffus=sidewallsofthetunnel.

Inordertotesttheperformanceof theresonators,a scalemodel
of the8-by 6-footwindtunnelwasconstructedwiththescale1 inch
eqti to 1 footwhichresultedina gecmtricscalefactorof1 to 12.
However,sincethescalestudywasmadeatroomtemperatureandsince
thetunnelwastooperateathighertemperatures,theeffectiveacoustic
scalefactorwasapproximately1 to 10. Thisscalemodelisdiscussed
morefullyina subsequentsectiondevotedto scsle-mcdeltests.The
finaldesignof theresonatorsisshownintable1.. It istobe noted
thatthedimensionsoftherectangularslotsinthescalemodelforming
theopeningsof thecavityresonatorsweredifferentfromthosefinally

“; selected.Thisdifferencewasbaseduponstructuralfeaturesandupon
informationderivedfromthemeasurementsmadeonthescalemodel.The
estimatednoise-reductionchmacteristicsofthefull-scaleresonators,
basedonthemodeltestsdescribedina subsequentsection,wereas
follows: (a)No attenuationbelow3.5cps,(b)risingattenuation
between3.5and4.5cps,(c)20decibelsofattenuationbetween4.5smd
10.5cps,and(d)no attenuationabove12cps.

Low-FlcequencyResonators,I-2to 20 Cps

Forthefrequencyrangebetween12and20 cpssmadditionalseries
ofresonatorswasdesignedwiththegeneralappearanceshowninfig-
ure14. Thecrosssectionthroughthissectionofresonatorscomprises
sixducts,eachwithan opencross-sectionalsreaof100squsrefeet.
Thisconfigurationwaschosentomatchthedesignnecessaryforthe
glass-fibertunedductswhichoperateinthefrequencyrangebetween
20Cpsand800Cps. Thedesigndatafortheseresonatorsaregivenin
tableII. Theestimatednoise-reductioncharacteristicsofthefull-
scaleresonatorsinthisfrequencyrange,basedonmodeltestsdescribed
previously,wereasfollows:(a)No attenuationbelow8 cps,(b)rising
attenuationbetween8 and11cps,(c)20decibelsofattenuationbetween
12end20 cps,sad(d)no attenuationabove22 cps.
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TunedDuct,20to W Cpsl
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Inordertocontrolthenoiseinthefrequencyregionbetween20
andat leastoutto400cps,itwasdecidedtousea specialtuned-
ductdtructuredesignedaccordingtothetheorygivenintheappendix.
Accordingtothetheory,a tunedducthasthepropertyofprovidinga
maximuminthecurveofattenuationversusfrequencyata particular
resonancefrequencywithappreciableattenuationatfrequencieson
eithersideofresonsnce.Inthisdesignitwasdecidedtoplacethat
resonancefrequencyator slightlybelow100cpsinorderthattherange
between20 and400cpswouldbe covered.

*.

.

Thetheoreticalperformanceofthetunedductfora 10-foot-square
openareaisshowninfigure15. Thischsrtwascalculatedunderthe
assumptionthatthespecificacousticimpedancemeasuredat thesurface
ofthematerialwouldbe independentofthedirectionof theacoustic
particlevelocity.Actually,thisassumptionisprobablynottrueas
comparisonofmeasuredandcalculateddatashows.Theeffectofdif-
ferentairspacesbehindtheFiberglastreatmentandtheeffectof
changingtheFiberglasthickness,calculatedfora frequencyof40 CPS, ●

areshownforinformationPurposesinfigures16and17. Flromthese
dataitwasdecidedthatfora 10-by 10-foot-sizeducttheair-space

—
F:

depthbehindthetreatmentshouldbe 2 feetandthattheacoustic
blanketshouldhavea densityof3 poundspercubicfootanda thick-
nessof6 inches.

Inordertopreventthesoundwavesthatpenetratetheacoustical
materialfromtravelingbehindthematerialalongthelengthofthe
linedductandthenreappearingat thefarendsubstantiallyunatten- —
uated,itwasnecessarytoprovideforpartitionsalongthelengthof
thetuned-ductstructure.As a practicalmatterthesepartitions

.

shouldbe asclosetogetheras ispossible.As a resultofa cost
analysis,itwasdecidedthatthepartitionsshouldbe spacedsequen-
tiallyat separationsof4.5,6.25,end7.5feet. Thesespacingswere
chosensothatthestandingwavesineacho?thecompartmentswouldbe
slightlydifferent.Staggeringthespacingsofthepartitionsleadsto
beneficialresultsas isshownina subsequentsectioncoveringthemodel
tests.

ParallelBaffles,W to6,000Cps

Inordertocontrolthenoiseinthefrequencyrangebetween800
and6,000CPS,itwasrecommendedthata seriesofparallelbaffles
havinga thicknessof~ inchesspaced16 incheson centersshouldbe

lItoriginallywasbelievedthisductwouldperformonlyoutto
400Cpso “d
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. used. !I!heperformanceofthesebafflesisdiscussedintheappendix
--- andisshowninfigure18.

.

LinedBends

Onelinedbendalreadyexistedinthestructureat theendofthe
diffuserat thetimethespecialacousticaldesi~ wasplanned..This
linedbendwasexpectedto givetheresultsshownbythecurvelabeled
D = 25 feet infigure19.

Inspectionoftheexpectedattenuationsfromtheparallelbaffles
revealedthattheattenuationof thehigherfrequencieswouldstillbe
inadequateunlesssomefurthertreatmentwereprovided.Itwasdecided
thata secondlinedbendshouldbe installedat theexitendofthe
Fiberglastuned-ductsection.Onthewalloppositetheoutletof the
Fiberglasduct,itwasrecommend@that6 inchesofacousticalmaterial
shouldbe placedfistagainstthewall. Theattenuationprtidedby
thistreatment,aboveabout200cps,wasexpectedtobe up to18decibels..

2 IntegratedDesign

Ina previoussectiontheacousticdesignrequirementswere
derivedandtheyareshowninfigure12. Itwasnecessarytocombine
theresonators,theproperlengthoftunedduct,andtheproperlength
andspacingofparallelbafflestoachievetherequiredattenuation.
Threeschemesforachievingthenoise-reductionrequirementswere
considered.!Chefirstoftheseschemes(desigatedschesneA, fig.20)
wasbelievedtoprovideadequatetreatmentforall.futuretypesof sets
orMachnumberconditionsthatcouldbe anticipatedat thepresenttime.
Thesecondandlessextensivescheme(schemeB, fig.21)wasdesigned
onthebasisthatitwassatisfactoryforpresenttypesofremjetsand
Machnumberconditims.A thirdscheme(schemeC,fig.21)wasincluded
asa possiblefutureextensionto schemeB.

me expectedaddedattenuationsframthethreeproposedschemes
areshowninfigure22. Thesecurveswereobtainedby addingtogether.
theacousticalbehaviorof eachoftheccxnponentsectionsofthe
proposedacousticaltreatments,and,whereapplicable,by subtracting
theeffectofremovingtheoriginalbafflesfromthesouthexitof the
originalplenum.!I!hecurvesforschemesA, B,andC, shownin
figure22,representtheestimatedover-allbehaviorof thetotal
acousticaltreatmentbasedon thedataavailableat thetimeofthe
anslysfs.Ifthesecurveswererecalculatedbasedonthemorerecent
datashowninfigures18and19someminorchsageswouldbe noted,but
thegeneralappesrsmceandordersofma~itudeofattenuationwouldbe
thesame.



SchemeA showninfigure20wasadopted.
adequatefactorof safetywasprovidedby this

NACATN3578

lt is seenthatan
scheme.

.
=7

.

MODELTES!CS

Au.of
tunnelwere

thecomponentacousticaltieatznentsusedinthesupersonic
studied-inmodelform,rangingh scalefrcm2.5 t; 1 to

10 to 1. me resultsofthemodeltestswereinteresting,bothbecause
theyweresuccessfulinpredictingtheattenuationprovidedby thefinal
structureandbecausetheyrevealedsane@portantinformationon scalimg.

Scale Testson5-to 11-Cpsand12- to 65-cpsResonators

Quiet-airtests.-In ordertotesttheeffectivenessoftheproposed
~-to 11.cpsresonators,whichusedthespacebetweenthesteeldiffuser
andtheouterconcretestructure,a U2-to-lscalemdel ofthetunnel
wasconstructed.Althoughthedimensionalscalingwas12to 1,the

.

effectiveacoustical13Cddng factorwas10to 1 becausethemodeltests
weremadeat70°F whtlethetunnelwasdesigpedto operateatabout ~,-
250°F.

Measurementsweremadeonthemodelinthefrequencyrangebetween
40 and160CPS. Theconcretehousingaroundthefull-scaletunnelwas
simulatedby 1 inchofMasoniteonthemodel.me steelshelJofthe
diffuserwasscaledinthicknesssothatitsweightinponds persqusre
footwas,inthemodel,aboutone-teaththatoftheactualtunnel.

Themdel tunnelwasterminatedwithFiberglaswedgestoreduce
spuriouseffectsthatmightbe introducedby theacousticsoftheroom

-.

inwhichthetestsweremadeandtoreducethegenerslnoiselevel
insidethemodel.TheairvolumebetweentheMasonitehousingandthe
tunneldiffuserwasdividedintofiveseparateenclosuresby vertical
partitions.Fortheinitial.testhorizontalpartitionswerealsoplaced
belowthetunnelshellinordertoformsymmetricalvolumesaboutthe
tunnelineachsection.

Thevolumesoftheairspacesbetweenthepartitionswereabout
0.0008timesthosegivenforthefulll-scaletunnelintableI. Inthe
middleof eachpartitionedsection,fouroreightslotswerecutinto
thesteelshellofthediffuser.

A loudspeakersoundsourcewasintroducedatthe8-by 6-inchthroat
ofthemodel@ a microphonewasriggedona wiresothatitcouldbe
movedslag theaxisofthetunnel.

.
Soundpressurelevelswererecorded

atintervalsof1 footalongtheentirelengthofthetunnel.Measurements -
‘>
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4 weremadebothwiththeresonatorsopeningintothetunnelandwiththe
A resonatorsblockedoffby sheetmetal.Thedifferencesbetweenthese

twosetsofreadingsyieldtheattenuationof sound,indecibels,which* isattributableto theresonatorsalone.

Theinitialmeasuredattenuationsareshowninfigure23. It is
seenthat,h thefrequencyrangefrcm50to ~ cps,theattenuaticm
isabove25 decibels,reachingpeaksof’morethsm50decibelsat inter-
mediatefrequencies.me peakattenuationat 85cpswasnotmeasurable
becausethelevelsinsidethetunnelweretoocloseto thewibient
noiselevelintheroan. Easedonthesetests,itwaspossibleto
readjusttheresmancefrequenciesby properchoiceoftheslotsizes
andtheairvolumes.!Ihisreadjustmentwasmade,andthedimensions
oftheslotsusedinthesecondseriesoftestswe thosegivenin
tableI fora full-scaletunnel.

Moviu-airtests.-Inthesecondsetoftests,a numberor changes
weremadeforstructuralreasons.me mostimportantobjectiontothe
tiitialdesignwasthattheslotsofthefirsttworesmatorsweretoo.
closetothetestsection.Pressuremeasurementsinthefull-scale
tunnelshowedthat,becauseofthehighspeedoftheair,thedifference

G inpressureatthediffuserwallsnduutdoorsat theproposedslot
positionswastoohightoallowtheintroductionofopeningsinthe
tunnelshell,withoutmajorstructuralchangestopreventstructural
failures.

In orderto alleviatethisdifficulty,thehorizontalpartitions
locatedunderthediffuserin themodelwereeliminated.Thisstep
madeitpossibletome theairvolumebelowthepartitionsad thus
to locateallfiveresonatorsfertherdownstream.

Intheensuingtests,a groupof14resonators,tunedbetween
12and65 cps,werealsoaddedforevaluationat theendofthediffuser
section,as showninfigure24.

.

At thisstagethemethodoftestingwasreassessed.A measurement
ofthetrueeffectivenessofsm acousticalresonatoroftheme described
herepresentsa verydifficultproblem.Ideally,theperformsme of
suchsm “acousticfilter”isdeterminedbymeasuringitsinsertionloss
inthetrswmissicmlineofwhichitformsa part. ~is canbe dcmeby
mskingmeasurementsbeforethefilters~e installediathetunnelsnd
sftertheyareinstalled.Forthistest,theacousticimpedancelooking
backtowardthetestsectionmustbe thessmeforthemodeltunnelas
forthefull-scaleone. Also,theimpedsaceattheopenendmustbe
thesaneforthemodelas fortheactualtumnel.h theinitialtests
itwasnotfeasibleto simulatethehpedanceofthe8-by 6-foottest
section,nordidit seemnecessarytoprovideairflowuntil.the
resonatordesignwasmorefullydevelaped.lt!heinitialtests,itwas
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felt,wouldyielda validindicationofwe relativeperformanceofthe ●

resonatorseventhoughsuchmeasurementsweremadewithreferenceonly -.
toa loudspeakerasa sourceof sound. .

Forthefinalsetoftests,a steadyflowofah was introduced
intothetunnelto sh.milateactualconditionsof operatim.Itwas
feltimportsnttodeterminewhethertheefficiericyoftheresonators
wasreducedinthepresenceoftheairstresm.A 12-inch-diamekr
pipeapproximately30feetinlengthwasconnectedbetweenenavailable
sourceofairandthe8-by 6-inchsectionofthescalemodel.me
speedoftheairthroughthescalemodelwasccxqparableinmagnitude
to thatproducedinthefull-scaletumnel.Severalclifferenttest
setupsweretriedforeachoftwovelocitiesofairflow,corresponding
toMachnumbersof0.052smd0.066,asmeasuredat the25.8-inch-diameter
section(largeend)ofthetunneldiffuser.

.

A plenumchambercontaininga loudspeakerwaslocatedinturnat
eachoftwopositiotisalongthe12-inchsectionofpipe. Thesetwo
locatias,designatedas @ snd @, areshowninfigure24. Withthe . _
chaxiberlocatedat @, thelowerlk.chndber ofairvelocitywasobtained
(0.052).tithiscase,theloudspeakerwasplacedina bafflethat
dividedthechaniberinhalves.Thebafflecontainedseveral.holesto G
insurean equalizationofpressureon eithersideofthespeaker.!I!his
chsmberwasinsertedbetweenthe12-inchpipesectionandthe8-by 6-inch
sectionofthetunnelsoasto forman integralpartofthepaththrough .—

whichtheairflowed.me presenceof sucha largechamberinthepath
oftheairstreamcreateda highlyturbulentconditiminthehmnediate
neighborhoodofthechamber.Furthermore,thisturbulentair,toa
considerableextent,wascarrieddownstreamalongpartofthetunnel.

!lhechsmberlocatedatposition@ @“sconnectedto the12-inch
pipeonlythrougha smallpipeofapproxinyutel.y3-inchdiameter.Also,
thespeakerwasgovedup to onecornerof..thechambertofeedthelead-in
pipedirectly.!Ihissetupresultedina higherairspeed(0.066Mach -.

numberatthe25.8-inchendofthetunnel)andalsoprcduceda relatively
smoothflowofah throughthetumnel.

Itwasfeltthatthesetestsetup~simulatedtwoconditionsof
airflow,turbulentandsmooth,whichwouldbe encounteredh actual
operation.Also,theacousticsourceimpedancewasmoreWke that
ofthelargetunnel,althoughitsactualvaluewasindeterminate.In
thisseriesofexperimentsthemicrophmewasplacedatthetermhation
oftherescmatorsection,flushwiththeupperinnerwalloftheresonator
(position@, fig.24). me microphmewasshieldedfromthewindby
fourl~ers ofcheesecloth.

Thefollowingtestprocedurewasadoptedincsm@ng outthis
phaseoftheresonatorstudies.Measurementsof soundleyelswere r_–d
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. madeatposition@ . A GenerslRadioCo.Rochellesaltcrystalmicro-
/ phonewasconnecteddirectlyto a GeneralRadiotype759-Bsound-level

meter,which,inturn,fedintoa type15~-A octave-bandanalyzer;this* wasthenfedintoa GeneralRadiotype760-Ansrrow-bandanalyzer.with
thechamberplacedat eachofthepositions@ and ~, thefollowing
seriesofmeasurementswasmade:

(1) octave-bandanalysesofthewindnoisealoneovertheentire
frequencyrange(Xlto 10,000CPS) withall.theresonatorsblocked

(2) narrow-bandmalysesatdiscretefrequenciesinther-e
frcxn30to7~ cpsofthetid noisealonewithalltheresonators
(5to 65 cps)bl=ked

(3) Wtave-bmdanalysesofthewindnoisealonewithftrstthe
5-to u-cpsresonatorgroupopen,thenthe5-to 16-CPSresonatorgroup,
and,finally,alltheresonators(5to 65 cps) open

(4) narrow-bandanalysesofthewindnoisealoneat discrete.
frequencieswithfirstthe5-to U.-cpsresonatorgroupopen,thenthe
5-to 16-cpsgroup,md, finally,the5-to 65-CPSgrOLIQopen

+
(5) n=row-bandsaalyseswithpuretonestitroducedintothe

loudspeakerinthepresenceoftid noise,firstwithall.theresonatms
blockedandthen,inturn,withthe5-to 11-cpsgroup,the5-to
16-cpsgroup,andalltheresonators(5to 65 cps) open.

(6) nsrrow-band_ses withpuretonesintroducedintothe
loudspeakerwithno airflowthroughthetunnel,firstwithallthe
resonatorsblockedandthen,inturn,withthe5- to I-1-cpsgroup,the
5- to 16-cpsgroup,andalltheresonators(5to 65 cps)open.

b eachcasetheattenuatimindecibelsattributabletothe
resonatorswastskentobe thedifferencein soundpressurelevels
at themicrophone(position@ ) asmeasuredwhenalltheresonators
wereblockedandwhenalltheresonatorswereopen. Whenpuretones
wereintrducedintothespeaker,theyweresetat constantvoltage
to enabledirectcomparisonbetweenthelevelsin eachtest. Cue
wastakenthroughoutthisseriesofteststo setthepure-tonelevels
ashighaspossiblewithoutoverloadingtheelectricalsystem.

Discussicmofresults.- Figure25showstherelativelevelsof
thetid noiseoverthefrequencyrangefran3 to 15cpsforthecon-
ditionwheretheplenumchsmberwaslocatedatposition@ , as shown
infigure24. Thissetuprepresentstheconditionof smoothairflow
throughthetunuel,resultingina Machnunberof0,066at the25.8-inch.
circularsectionofthetunnel.Kl%ewind-noiselevelsweretakenfor
threeconditions:(a)Withalltheresonatorsblocked(5to 65 cps),

-J
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(b)withthe5- to 11-CPSgroupopen,and(c)withalltheresonators
(5to 65-CPS) Open. It ishportsnttonotethatthevariouslevels
representedby thethreeconditimsoftestingme ofthesameorder
ofma~tude throughoutthemeasuredfrequencyrange.~is factshowed
thatinthiscasethepresenceoftheresonatorslotsinthetunnel
producedlittlechangeinthewindnoisethroughthetunnel.

Figure26showstherelativelevelsofwindnoiseinthetunnel
forthecasewheretheplenumchsmberwaslocatedatposition@ forthe
conditions: (a)withalltheresonators(5t065 cps)blocked,(b)with
the5- to 11-cpsgroupopen,and(c)withthe5-to 16-cpsgroupopen.
Thisseriesoftestsrepresentstheconditionofairturbulenceas ccm-
psxedwiththeconditionofrektivelysmoothflowobtainedh thepre-
viousseries.It isinterestingtonotethatintheseteststheturbu-
lentairflowresultedinconsiderablyhigherlevelsofwindnoisefor
thecasewheretheresonators-e allblocked.Oncanpsringthese
levelswiththelevelsobtainedduringsmoothairflow,itisfound
thatintheturbulentcasethelevelsarefrcm~ to 20decibelshigher.
Thesenoiselevelswerereducedby theresonatorsinthesamemanner
aswerethetesttones.It isimportaatto observethatnoiseassociated
withturbulenceorshockwavespriortotheinstallationofresonators
inthefull-scaletunnelwillbe correspondinglyreduced.

Infi~e 27 is plotted theattenuatimindecibelsofpure-tone
levelsinthepresenceofturbulentair. Inthistesttheplenumchsm-
berholdingtheloudspeakerwaslocatedatposition@ andthevalues
ofattenuationplottedinfigure27representthedifferenceinpure-tone
levelsbetweenthosemeasuredwhenalltheresmatorswereblockedand
thosemeasuredwhenthe5-to 16-cpsresonatorgroupwasopen(withthe
18-to65-cpsgroupblocked).Themeasurementsastakenwiththenarrow-
bauianalyzerrepresentthesumofthepure-treelevelsmd thewind-
noiselevelsatthefrequenciesmeasured.Fromthesevaluestheabsolute
levelsofthepuretonealonewerecalculated.Thesewerethevaluesused
inestablishingthecurveinfigure27. !Ihesolid-stepcurveshownin
thisfigurerepresentsan averageofthemeasurecfcurve.It isseenfrcm
thiscurvethatfrom5.5 to7.5 cpstheaverageattenuationwhichcsnbe
attributedtotheresonatorsis14decibels.Inthefieqpencyrs.ngefrom
8 to 20cpsapprox-tely19decibelsofattenuationisobtained.

Thesevaluesofattenuaticmofpuretonesasdeterminedfromthe
nsrrow-bandmeasurementssxeverifiedby themeasurementsoftheattenu-
ationofwindnoisealonetakenby theoctavebands.Theresultsofthe
octave-bandanalysesarerepresentedinfigure27by thedashedlinesand
sreseentobe ingoodagreementwiththereductionsobtainedinthe
puretones.

IHgure28showstheattenuationofpuretanesinthepresenceof
smoothairflowas obtainedwiththeplenumchamberatposition@ for

●
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—
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. thecasewherethe5-to U-cpsresonatorsalonewereopen.Inthis
caseconsiderablymoreattenuationisachievedk thefrequencyrange
frcxn~ to 8 cpswithauaverageattenuationof~ decibelsinthe.
rangeof5.5to 12cps. Measurementswerenotcsx’riedouttohigher
frequenciesbecausetheloudspeakeroutputwasinsufficientlyhigh
atposition@ .

me attenuationindecibelsas obtainedforthecasewherepure
toneswereintroducedintothetunnelwithno airflowpresentis shown
infigure29. Thesemeasurementsweretakenwiththeloudspeakerlocated
inthechamberinposition@ . Inthisexperimentalltheresonators
(5to 65 cps)wereopen. me solid-stepcurverepresentsanaverage
oftheactualmeasuredcurve.As maybe seen,inthefrequencyrange
fran5.5to 12cpsan averageattenuatimof20 decibelsis obtained.
Above13CPSthereductionisapproximately25decibels.

me resultkofthetestsontherelativeeffectivenessofthe
~-to 11-cpsresonatorsundervsriousconditionsaresummsrizedin

- figure30. l%isfigurerepresentstheattenuationofpuretonesas
ob%inedfra thefollowingmeasurements:(A)Withno airstresm
throughthetumnel,(B)h thepresenceoftubulentairflow,and

4 (C)inthepresenceof smoothairflow.

FYCmthissumsry it isconcludedthat,ingeneral,thebehaviu
oftheresonatorsisnotappreciablyaffectedby thepresenceofair
flowas longastheairflowisrelativelysmoothh character.The
presemceofhighlyturbulentah inthevicinityoftheresonator
openings,however,reducestheeff’iciencyofthoseresonatorsinvolved.
It isfurthercmcludedthatuseofthe5-to I-1-cpsresonatorsresults
inan overallreductionofabout20 decibeb.

Thetiitialdesignofthemodelforthe2.2-to 65-CPSresonators,
forwhichdatawerejustpresented,wasincorporatedina singlesquare
ductwiththeinteriorsidesequalto 24.5iqches.lkd.scorresponded
to ~. 5 feetinthefull-scalemodelsincethescalefactorwasX2to 1.

FYOmsn aerodynamicstandpoint,itisdesirableto conductthe
aircaningoutofthediffuserthroughas smootha pathaspossible.
Thisrequirestheeliminationof suddenchangesincross-sectional
sreainmy extensionto thetunnel.Sincetreatmentforthecontrol
offrequenciesabove20 CPSwastobe intheformof sixlinedducts,
eachhavingan insidecross-sectimalopenareaof10by 10feet,it
wascmsidereddesirabletomaintainthisconfigurationforwhatever
resonatorswererequiredabove10cps. Figure14 showsa sketchof
theproposedschemefora U- to 65-cpsresonatorgroup.A modelof

. oneofthesesixductscontainingthisrescma.torgroupwasconstructed
ata scaleof6 to 1 anda seriesoftestswascarriedoutto determine
theiracousticalperformance.Exactlythessmetestprocedurewas

d followedas thatusedintestsforthe5-to U-cps resonator.
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Theresultsofthisseriesoftestsareshowninfigure31. In
thefrequencyrangefromU to 20 cpstheresonatorsproducefrcm
15to25decibelsofattenuation.Abovethisfrequencyrangethe
attenuationaveragesabout30decibels.Thelowattenuationbelow
17cpsisattributedtotheproximityofthefirsttworesonatcmsto
thesoundsource.Inthiscasetheloudspeakerwasattachedto the
modelductata distanceofonlyabout2 feetfromthefirstresonator
(12Cps). Whentheresonatorsareata reasonabledistancefromthe
soundsource,thenomal efficiencyoftheresonatorsisrealized.
mere isno otherapparentreasonwhythe12-cpsandlk-cpsresonators
shouldnotbe as efficientastheremainingresonatorsofthisgroup.

.

●

!Ihisseriesoftestsalsoprovedthat,withtheccmfiguratianused
inthemodelexperiments,itwaspossibleto extendresonatorsofthis
designtoat leastasfaras65 cps. However, since the construction
of specialresonatcmofthistypeisa costlymatter,itwasfeltthat
theminimumnunberofresonatorsnecessarytoprovideadequateprotection
shouldbe adoptedinthefinaldesign.Thisminimumnumberwasdetermtied
by thelowerfrequencylimitofeffectivenessofthetunedduct. In the .
finaldesign,resonatorsup to only
accordingtotheconstructionshown

ScaleTestson

asfaras 20 cpswereutilized
infigure14.

*

TunedDuct —

A linedacousticalducttunedforoptimumperformanceat 100cps
wasusedfortheattenuationofnoisebetween20and400cps. In order
to checkthecalculationsdiscussedintheappendixamcxlelofthis
ductwasconstructedata scaleof2.5to 1.

Themodelinstallationconsistedofa 2k-foot-longlinedduct
precededby a sectionincludingthesounds~ce. Spaced~inches
frcmtheinterioroftheoutsidewallwas~ inchesofFiberglasPF

boardhavinga densityof5.5 poundspercubicfootanda flowresist-
anceofapproximately11.5raylspercentimeter.
4 by4 feet.

Theinsidewallswere
Theoutsidewallsoftheductconsistedoftwolayersof

~ -inchplywoodseparatedbyabcmrt12inchesof sand.Theopenendof
theducttemninatedintieespace.Ei@t 16-inchloudspeakerswere
installedina housingattheotherendoftheductfora soundsource.

Thistestinstallationprovideda high
againstundesiredsoundleakage.Also,the
gecmetryweresuchthatthegeneratedsound
overtheentirefrequencyrangeofinterest

degreeofinsulation
loudspeakerarrayand
waveswerene=lyplane
inthesetests.

.

‘J
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*
. Intheinitialtestofthisseriestheairspacebehindtheacous-

ticalliningwasseparatedby partitionsthatwerespacedregularlyat
. intervalsof 2.5feet.Measurementsoftheattenuationthroughthe

ductweremadeinthefrequencyrangefrcm30 to 1,000cpswhichcorre-
spondedto full-scalefrequenciesof 1.2to400cps. !lMesedatawere
obtainedby movinga microphonethroughtheductandrecordingthe
soundpressurelevelat intervalsof1 footor less. Theslopeof
eachcurveyieldstheattenuationindecibelsperfootforeachfre-
quency.Figure32 showstypicalexamplesof someofthemeasuredbasic
data. Inallcasestheslopeswerewelldefined.Theresultsofthe
measurementsaresummsrizedinfigure33.

Thegeneraltrendoftheseresultsisinreasonablygoodagreement
withthetheoreticallycalculatedcurvealsoshowninfigure33. At
lowfrequenciesthecqe ofmeasuredattenuationis slightlyhigher
thanthecalcuhtedcurve.Thediscrepanciesthatappearinthemiddle
frequencyrange(m to 150cps)aretheresultofthewideandregular
spacingsofthepartitionsseparatingtheairspacebehindtheacousti-

. callining.Thetheoreticalcurveisbasedontheassmptionthatthe
spacesbehindtheacousticalliningarefilledtitha softmaterialsuch
askapokorthatthepartitionsarespacedat intervalswhicharenot

3 greaterthanaboutone-eighthofthewavelengthofthehighestfrequency
forwhichtheductisdesigned.In thiscasethisassmptionwould
demandthatthepartitionsbe spacedat approximately6-inchintervals.
Suchclosespacing,ofcourse,isnotpracticalandiscertainlynot
requiredinthesolutionofthepresentproblem.Thegreatestinterest
inthiscaseisinthebehavioroftheductat lowfrequencies(below
50CPS)becauseit isthisrangethatdeterndnestheoveralllength
oftheduct.

Nevertheless,in orderto eliminatethepronouncedvariationsin
attenuatiminthex- to 150-cpsrange,anotherseriesoftestswas
carriedoutb whichthepartitionsbehhd theah spacewereirregu-
larlyspacedat intervalsof1.8,2.5,and3 feet. Theresultsofthis
testsrealsoshowninfigure33. !Ihefluctuationsinattenuationin
themiddle-frequencyrangewerereduced=d theattenuationinthelow-
sndhigh-frequencylimitswasunchsnged.Themeasuredattenuationof
0.5to 0.7decibelperfootthusrealizedinthe50-to 150-cPsrange
ismorethansufficientto satisfytherequirements.

ACOUSTICALPERFORMANCEOFCCMPIET!EDSTRUCTURE

Uponccxnpletionoftheacousticalstructure,measurementsofthe
● acousticalperformanceofthetreatmentinthefrequencyr-e between

5 and1,800CPSweremade. Thesemeasurementsweremadewiththeuse
ofloudsp@ersmountedinthetestsectionofthetunnel.Dataw-e

-4
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takenata numberof locationsalongthelengbhofthediffuserand
alongthelengthofoneofthesixpassagesh theacousticalextension.
AllmeasureddatasrepresentedintablesIVtoVII.

.

—

.

A speciallotispeakerwasconstructedtocarryoutthemeasuraents
coveringtheverylowfrequencies.Thisspeakerconsistedofa large
conicallyshapeddiaphrafgndrivenby a vsriable-speedmotor.~iS dia-
phragmwasapproximately3 feetindiametersmdthefrequencyofits
vibrationcouldbe controlledto coverthersmgefrom5 to 22.8CPS.
Withit,soundlevelsoftheorderof80to 100decibelswereproduced
atthebeginningofthediffusersection.

At frequenciesbetween22.8andl,&O CPS,two15-inchloudspeakers
.—

mountedinboxbaffleswerelocatedatthebeginningofthediffuserand
dataweretakenat a numberofmeasuringstations.Soundlevelsbetween ““
85and107decibelswereproducedinthemaindiffusersection.Back-

.—

groundnoiselevelsweresufficientlylowatalltimesduringthetests
to causeno interferencewiththemeasurementsontheacousticalperform-

—

anteoftheresonatorsandtheplenunattheendofthediffuser.In the .
evaluationofthelined-ductsection,however,insufficientsoundlevel
waspr.oducedinthissectionby theloudspeakerslocatedatthebeginning
ofthediffuser. w

In ordertoachievehighersoundlevels,subsequenttestswere
performedwiththetwo15-inchloudspeakersplacedat theentranceof
thebottcmleft-handductfacingtowardtheFiberglassection.Data
weretakenat thestartoftheFiberglassectionandat everypwtition
downstreamthereficm.

Inthelow.-frequencyregim (between5 and18cps),dataweretaken
atvariouspositionsalongthediffusersectionwiththeaidof’a special
low-frequencymicrophoneandsmplifier,anda Brushhigh-speedgraphic
levelrecorder.Thesedatashowedthedetailedwaveformat eachposition
wherethemeasurementwasmade. Frcmthesedataitwaspossibletodeter-
minetheapproximatehsrmoniccontentofthewaveandtodeducetheeffect
oftheresonatorsonthefmdamentalfrequency.

AcousticPerformance of TunnelResonatcms(5to 11cps)

Measurementsweretakenalongthelengthofthediffuseratmost
ofthe14stationsshowninfigure13. Thenumberbesideeachofthe
resonatoropems isthedesi~resonantfrequency.Themeasured
soundpressurelevelsindecibelsateachofthestationsrelativeto
anarbitraryzeroreferencelevelareshownin fQures34and35. —

Theattenuationofthesomd wavetravelingdownthediffuser
.

beginsbeforetheresonatorisreachedandcontinuesaftertheresonator. “V
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* is passed.Ifthedritigfrequencyislocatedpartwsybetweenthe
resonancefrequenciesoftworesonatms,thecurveofattenuationversus
distancemovestopartweybetweenthetworesonatorsJustasthou@ a. resonatorforthatfrequencywerelccatedthree.Inthisreportthe
“positionofresonance”meansthepositimofa hypotheticalresonator
thatwouldhavea frequencypsrtw betweenthetwoadjacentrescmator
frequencies.At no oneofthesixfrequciesWicated infigures34
sad35wasthetotalsmountofattenuationprovidedby theresmators
measurable.Theclifficultywasthatthelow-frequencyloudspeaker
generatedhsrmoniccauponentswhichcouldnotbe filteredoutofthe
receivingsystem.As a result,afterpassingfrcmtheupstresmside
tothedownstiesmsideoftheresonator,theremainingsoundwave
ccmsistedprimarilyofhsrmoniccmponents.5t madeit impossible
to determineaccuratelythemagnitudeofthefundamentalcanponenton
thedowmstiesmside.

In uder to estimatethetotalsmountofattenuationprovidedby
theresonator,itwasdecidedto observetheresultofassumingthat
themmdmumPOSsibleattenuationwouldbe doublethatprecedingthe.
resonator.Forexample,letus referto the6.5-cpscurveoffigure34.
Theresonancepositionforthisfrequencyis seenfrcmfigure13tobe

2 locatedabouthalfwaybetweenstations6 and7. Thedifferencebetieen
thesoundlevelatthispetitandthatat station14 is24decibels.
However,5 decibelsofthis24decibelswouldhaveoccurredwithoutthe
resonatorbecauseofsxeachange(seeright-handcolunnofnumbersin
fig.13). Accordingly,thenetsmoumtofattenuationprovidedby the
resonatorup tothispointis19decibels.Thissmountisthendoubled
inorderto estimatethemaxinnnnlikelyattenuationprovidedby thereso-
nator.!l%isquanti~,38decibels,isplottedat 6.5CPSontheupper
curveh figure36. A similsxprocedurewasfollowedfortheotherfre-
quenciesandthecatibinedresultssreshownby theuppercurveoffig-
ure36.

It isdifficulttobelievethattheattenuationprovidedby the
resonatorsshouldriseashighas40 decibelsatmy frequency.Hence,
asa lowerlimit,thetotalmeasuredattenuation(eventhoughlimited -
by distortionatthelowerfrequencies)hasbeenplottedas thebottxxn
(broken)curveinfigure36. Therealsmsweris scmewh=ebetweenthose
twocurves.Theattenuationhasbeenestimatedandisshownby curveB.

AcousticPerformanceofFirstPlenm

Inadditiontothedatatakenalongthelengthofthediffusm,
datawerealsotakenatmnnerousotherS@tions. mm thesedatait
ispossibletodeducethesmountofattenuationoccurringintheplenum

●

inthefrequencyregionbetween10and1,WO CPS. me restitsue sh~
infigure37. Becauseofstandhgwavesthereisconsiderablescatter

Q
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ofthepotitsaroundtheaveragecurveshown.Itisfatilyclesr,
however,thattheattenuationincreasesfrcma fewdecibelsat 13cps
toabout20decibelsatthehigherfrequenties. Thesedatame tobe
comparedwithmoregeneraldatashowninfigure19.

AcousticPerformanceofResonatorsinAcoustical

Extension(12to 20 Cps)

An estimateoftheperformanceoftheresonatorsinthesix-cell
mufflerwasagaindifficulttomskebecauseofthepresenceofharmonics.
Theprocedureusedinthisevaluationwasas follows:Thesoundpressure
levelsmeasuredalongtheacousticalextensionwereplottedasa function
ofdistance.Thesoundlevelsweremeasuredat stationsO to4 inthe
diffuser(seefig.13). Inthefrequencyregionbetween12and20 cps,
thesoundlevelsat stationsO to4 werereasonablyconstant.Theaverage
levelforthesefourstationswiththeresonatorsopenwasusedasa
referenceline. ThelevelatthebeginningoftheFiberglassection
followingtheresonatorswasthenobservedfrantheplot. 4“

ThedifferencebetweenthelevelatthebeginningoftheFiberglas v
sectionandtheaveragelevelat stationsO to4 givesthetotalattenu-
ationofthesoundduetotheccmbinedeffectsof (a)thefirstplenum,
(b)theresonators,and(c)theacousticaldiscontinuitybetweenthe
resonatorsectionendtheF%berglassection.Thediscontinui~loss,
whichisdescribedindetailina followingsecticm,wasestimatedtobe
zerobelow13cpsandgraduallyincreasedto3 decibelsat20 cps. The
attenuationprovidedby theplenumisshowninfigure37.

As anexample,at 15.~ cpsthetotallossasdeterminedfrcmthe ,
plotswithresonatorsopenwas31decibels.Ofthis,4 decibelswere
attributableto lossesinthefirstplenu smd2 decibelstothedis-
continue@betweenthepkmm andtheFiberglassection,leavinga net
lossintheresonatorsof25decibeb. Computationsofthistypewere
madeat12,14,15.75,18, and22cps. Theresultsareshowninfig-
ure38alongwiththedatafromfigure36forthelowerfrequency
resonators.

EffectofTemperatureonResonatorPerformance

Theperformanceoftheresonatorsintheregionbetween5 and
22 cpsat75°F.isshownby thesolidcurveinfigure38. Thedesign
fortheresonatorswasbasedupona temperatureof250°F. Ifthe
assumptionismadethattheresouancefrequenciesoftheresonators
shiftupwardinproportionto thesquarerootoftheabsolutetem-
perature,theresultisshownby thedashedlineoffigure38. The

a
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● resonatorsareexpected,therefore,toprovideanattenuationin excess
of20 decibelsoverthefrequenwrangebetween5 and20 cps. Thiswas
theperformanceestimatedin advanceof construction.

. .

Iassat JimctionBetweenResonator

andFiberglasSections

Inthefrequencyregicmabove20cps,thedataindicatethata
lossinsoundleveloccurredat thejunctionbetweentheFiberglas
sectionandtheresonatorsectionh theacousticalextension.This
lossisestablishedby determtiingtheaveragesoundlevelinthereso-
natorsectionoftheacousticalextension.Thena straightsloping
lineisdraw throughthelevelsmeasuredas a functionofdistancein
theFiberglassection.Thedifferencebetweentheaveragelevelinthe
resonatorsectionandthelevelatthepointWhinethisstraightsloping
linepassesthrough”thepointrepresentingtheentranceto thelined-
ductsectionisa measureofthelossat thejunction.Theresultsof.
thisanalysisareshownin figure39. It isseenthatthejunction
lossis Z=O below14cpsandincreasesto about4 decibelsat25 cps

s andremahsbetwem4 and5 decibelsat allhigherfrequencies.

AcousticP=formsnceofFiberglasTuned-DuctSection

Theacousticperformancee oftheFiberglastuned-ductsectim was
determinedfrcmthesetofdataobtainedbyplacingtwo15-inchloud-
speslm?sattheentrsmceofthebottomductontheleft-handsidewhen
facingdownstream.Sound-pressurelevelsweremeasuredfrc?nthestart
oftheFiberglassectionandat everypsrtitiondownstream.Fromthe
plotsofthedatagivimgsoundlevelsasa functionofdistancethe
averageslopesindecibelsperfootweredetermined.Theresultsof
thisdet~tion areshowninfigure40. It isseenthattheaverage
attentionwasapproximately0.5decibelperfootovertheentire
frequencyrsmgefrcm20to 7C!4)cps. tiotherwords,the90-foot
Fiberglass=tionoftheacousticalextensionprovidedsnattenuatim
ofabout45 decibelsovera rangeofmorethanfiveoctaves.

k theorigtialtestsonthemodel,a higherattenuaticmperfoot
overa nsrrowerbandoffrequencieswaspredicted.Partofthereason
forthelowerattenuationperfootintheccmpletedacousticalexten-
sionsrisesfra thefactthattwelve10-inch-thickspacersareused
alongtheduct.Thisresultsinan effectivereductionoftheover-all
lengthby 10feet,thatis,frcxn90feetto 80feet. Hate, theattenu-
ationperactualfootofFiberglastrea-t is 1.125timesthatshown. infigure40. Thisnrmberfallsshortofourpredictionsby approximately
0.05decibelp= footbuttheattenuationextendsovera widerfrequency

“2 bsndthanhadbeenestimatedonthebasisofthemodelmeasurements.
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Thereasonsforthefrequencybandbeingwiderthsnpredictedsrenot *
clesrlyunderstoodatthistime. It isnoticed,however,thatthe
FiberglasPFboardoccupieda smallerpercentageofthetotaltreatment
thickness(Fiberglasplusbackingairspace)intheacousticalextension ●

thanitdidInthemodel.Itmaybe presumed,therefore,thattheper-
formanceofa mufflerofthistypeisdeterminednotonlyby theflow
resistanceofthelining,butalsoby theratioofthethicknessofthe
liningtothetotaldepthoftheacousticaltreatment. —

OverallPerformanceofAcousticTreatmenth 8-by 6-Foot

WindTunnel

A summsryoftheoverallperformanceoftheacousticaltreatment
inthetunnelisgivenintableIII. Incolumn@ thesoundlevels
measuredinthetestsectionasproducedby a 16-inch-diameterramjet
operatingwitha 3,000-pound-per-hourfuelconsumptionina Machnum-
ber2.0airstresmme @ven. Thesenunibersaretheaverageofthree
determinationsmadeattheLewisFlightPropulsionLaboratory.In col- 4“

umn @ thelossduetowaveexpansioninthediffuseris shown;in
column~, thelossinthefirstplenwnandbend;incobnn @, the
junctionloss;incolumn@, thelossintheFiberglassection;h

.P.

column@, thelossinthesecondplenum;sndincolumn7 , theloss
intheparal.lelbaffles.(Thelossesincolumns@ and

4
areesti-

matedfrommoreccmpl.etedatatakenat otherinstallations.

Thelossesgivenincolumns@ to ~-are totaledticolumn@.
Thedifferencebetweenthatcolumnandthemeasuredlevelsinthetest

.

section(column@)) @elds theresqltantnoiseattheexitofthebaf-
flesas shownincolumn~.

Therewasactuallymorenoisearrivingoutsidethetunnelthan
thatshowmby column@ oftableIIIbecauseofleaksattheexpansion
jointsintheoriginalconstructicm.Ifthoseleaksweresesled,the
lownoiselevelsindicatedintable111couldbe achieved.

Itis interestingto ccmparetheresultante~ectednoiseatthe
exitofthebsffleswiththecriterionusedforthedesign.h fig-
ure10thenightttiebackgroundnoiselevelinsummerwasgiven(bottc?n
curve). Thislevelwasmeasuredata distxmceof2,CO0feetfranthe
windtunnel.M orderthatthenoisefranthetid tunuelliebelow
thebackgroundnoiseata distanceof2,000feet,itisnecess~ that
thelevelattheexitofthewindtunnelliebelowtheuppercurveA
showninfigure41. Thiscurveisestablishedby takingthebackground
noisespectrumgiveninfigure10andapplyingthelossesestimatedby
inverse-squarediminution;thisgivesthemaximumallowablelevelsat .

theexitofthebaffles.A plotoftheresultantesthatednoiselevels
attheexitofthebafflesas givenintableIII(seecolumn~) is 9.
shownascurveB infigure41. I
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. Itisseenthatinthelowerfrequencybandstheresultsntnoise
levelliesmorethen15decibelsbelowthemaximumallowablelevelsas
determined&cm thelowestmeasuredbackgroundlevels.Ihthehigher.
frequencybands,thenoisewillbe scmewhatlowerthanisshownby
curveB bec&useofthedirectivityoftheradiatingendoftheacoustical
extensionwhichwasnottakenintoaccount.h obtaiqingcurveB, itwas
assumedthatthesoundwouldradiateuniformlyinau directions.ItiS
tobe expected,howevm,that,sincethetunnelislocatednearanair-
port,tiesoundwillbe radiatedat thehigherfrequenciestoa much
greaterextentinthedirectionoftheairportthanintheopposite
directionwherethebackgroundmeasurementsweretaken.

It is alsointerestingtoplotthebackgroundnoisemeasuredatthe
endoftheacousticalextensionwhenno jetwasburninginthetunnel
butwhentheairwasmovingthrou@thetestsectionatMach1.9. These
dataereshownas curveC offigure41. M allfrequencybands,except
thelowest,thenoisemeasuredat theouterendoftheoutletbaffles
camefrcmexternalsourcesandnotfrcminsidethetunnel.It shouldbe

. notedthat,whena 16-inchrsmjetis inoperation,thesoundlevelsat
lowfrequencieswi13.hsrdlyincreasea noticeableamount.An ticrease
ofthenoiseinthehigherfrequencybandsistobe expected,however,

“* at theexitofthebaffles.

EkLt-anek andNewman,Inc.,
Csmbridge,Mass.,April~, 1953.
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APPENDIX

EASICINFCIRMATIONON=!TMENTS USED

Psrall.elBaffles

Priorto 1950,themostccxmnonlyused

INACOUEWICALDESIGN

typeofacousticaltreatment
forthereductionofnoiseinmetingairstresmsccmpriseda seriesof

parallelbaffles,usually~ inchesthick’~ spaced8, 12,or16inches
oncenters.At thetimeofthedesignofthetreatmentfortheLewis
8-by 6-footwindtunnelverylittleinformationontheattenuationpro-
videdby parallelbaffleswasavailableintheliterature.whatinfa-
mationwasavailablewascontradictory(seerefs.2 snd3).

Accordingly,pure-tonetestswereperformedtodeterminethenoise
reductionprovid&lby parellelbafflesmounted8 inchesoncentersinas-
muchasthisconfigurationhadbeensuccessfullyusedinTheJohns

.

HopkinsWiversityburnerlaboratoryatForestGrove,Marylmd. These
datarevealedthattheattenuationsat s& frequenciesweremuchless ~-–
thanthoseshowninreference3 ad yereinsubstantialagreementwith
thoseshowninreference2.

Extensivedataontheattenuationofsound+mpsrallelbaffleshave
beenaccumulatedby BaitBeranekandNewman,Inc.,andby theLewis
FlightPropulsionLaboratoryduringthepastthreeyesrs.Thesedata
havealsobeenconfirmedby Unptilishedtestsperformedby theNational
PhysicalLaboratoryinIh@land.

Figure18showstheaverageofmeasureddatainoctavebandson

parallelbaffleswhosethicknessisapproximately3: inchesforon-

centerspacingsof8,16,17$,24,and32 inches.Thedatasregivenin

decibelsperfootofrunninglengthofbaffle.It isassumedthatthe –
bafflesarefilledwith4-pound-per-cubic-footglassfibersor6-pound-
per-cubic-fodtmineralwoolandthatthereisno othermaterial,such
asmetalshavingsor imperviouscoverings,inthebaffles.IthaSdSO
beenassumedthatthenoiseattheentranceendofthebafflesisa con-
tinuousspectrum,shapedlikethatofa jetengine,andthatthenoise
ismeasuredwithan cwtave-bandanalyzer.Slightlyclifferentresults
wouldbe obtainedwithnsrrowerbandanalyzersandwithothernoise
sources.

‘9
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Resonators

. Theabsorptionoffrequenciesbelow20 cpscmnot easilybe accaa-
plishedina structureofthesizeofthe8-by 6-footwindtunnelusing
parallelbafflesor otherabsorbingmaterialsplacedinthetunnel.It
wasnecessary,therefore,to considerthepossibili~ofincorporating
resonators(seeref.k) intotheexistingsticture.Itwasexpected
thattheseresonatorswouldactasacousticfiltersinpreventingsound
producedinthetestsectionfrm srrivingattheexitopeningofthe
tunnel.Studyrevealedthatsufficientvolumewasavailablebetween
theconicaldiffuserandtheconcretehousingaroundittopermitthe
installationoffiveresonators‘inthef?equencyrangebetween4.5and
10 Cps. Theacousticalconditionsat anypointalongtheconicaldiffuser
maybe simplyrepresentedby theanalogouscircuitas shownby thefol-
hwing sketch.

Poc/s

-!-K“A <
●

‘RA

c
A

2

b P2

Theresonatorislocatedat a pointalongtheconical
shownasterminals1 and2 inthesketch.!Ihenoisesourceandthat
portionofthediffuserupstresmficmtheresonatormayberepresented
by a lrmpedcircuit,calledThevenin’sgenerator,withan open-circuit
pressurepl andan internalacousticimpedancepot/S.Thedownstiesm
endoftheconicaldiffusermayalsobe representedby theimpedance
pot/Sandthedownstreamscmndpressureisrepresentedby p2. The

. quantityPoc isthecharacteristicimpedanceofairinraylsand
theq-tity S is thecross-sectionalsreaofthetunnelin square
centimetersat thepositionoftheresonator.w
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The seriesel=ents
tor● Thequantity

where

NACATN3378

‘As CA1w ‘A aretheconstantsoftheresona-
MA isgivenasfOllows:

(t+ 0.96A)P0
‘A = A (1)

t thicknessofmetalsidewallofdiffuser,cm

P* densityOfair,g/cm3

A sxeaofholecutinmetalsidewallofdiffusertoformreso-”
natoropening,cm2

Theqpanti~ CA isgivenby

CA = i&-
where

v volme ofaircavitythatformsresonatorbody,cm3

P. atmosphericpressure,dynes/cm2

Theresonancefrequencyisgivenby

TheacousticresistanceRA forresonatoropeningsisgivenby
.

(3)

(2)

(4) “ .-
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. where

IJ kinematiccoefficientofviscosity,cm2/sec(forairat 20°C
. and760milltietersofmercmy, p = 0.156cm2/see;this

quantityvariesaboutas $“T/Po)

t thiclmessofmetal.sidewall,cm

PO densityofairat 20°C,0.CXll18g/cm3

A areaofresonatoropening,cm2

Po
(

barometricpressure,@es/cm2 undernormalconditions,

P. = 106dynes/cm2)

t temperature,‘K

I&
-

‘A .RA+J(UMA.*) (5)

Solutionoftheequivalentcircuitgiveninequation(5) reveals
that,withtheresonatorpresent,thesoundpressuredownstreamfrcm
theresonatorP2 dividedby thesoundpressurewhenthereisno
resonatorpresentpi/2 is

Also,let

P2 2—=—
Pi/2 poc

2+q

,A=&2.&!&

(6)

(7)



28 NACATN 3378

Inthedesignoftheresonatorthe QA ofthecircuit,thefre- .
quencyU%andthesmountofattenuationdesiredattheresonancepeak

..

areavailableforspecification.Forthisdesign,laboratorydatataken
inCsmhridgeshowedthatthearea A shouldbe at least10percentof ●

thecross-sectionalsxea S ofthetube.Withthiscross-sectional
area,itispossibletoreallzeattenuationsoftheordecof20decibels
attheresonancepeaks.Ingeneral,thevalueof QA shouldbeashigh

aspossible.Withthearea A of
volumeV oftheairspacebehind
minedfranequations(2)and(3).

Lined

theresonator
theresonator

Bends

opedngchosen,the
opening~ be det~-

An importantmethodforattenuatingsoundina movingairstresmis
toplacea-bendintheductcarryingth~airandto line~th acoustical
materialthesideofthisbendagainstwhichthemovingairstresmis
directed.At thetimethe8-by 6-footsupersonictid tunnelwas
beingdesigned.,no pertinentdatawereavailableontheattenuationpro- *
vialedby sucha linedbend. Sincethatthe ithasbeenexperimentally

..

determinedthatthesoundisattenuatedby a linedbendaccordhgto the
curvesshowninfigure19whichwereobtainedfrununptilisheddatafrom b
theresesxchdepartmentofBoltEeranekandNewman,Inc. Ifthewave
lengthofthesoundisgreaterthanthewidthoftheduct,theattenu-
ationprovidedby a linedbad isverysmall.

me curvesoffigure19arebasedontheassumptionthatthelining
forthebendhasm absorptioncoefficientthatisgreaterthsn0.8for
wavelengthsthatsreapproximatelytwicethewidthoftheduct. Two
linedbendsexistinthefinaldesigtlofthe8-by 6-footsupersonic
windtunnel,withtheonenearestthediffuserhavingabsorptioncoef-
ficientsinexcessof0.8above20 cps. Theoneattheexitofthe
mufflerhasabsorptioncoefficientsinexcessof0.8above200cps.

.—

TunedDucts

In1942itwasshownby Beranek(ref.5)thatductscanbebuilt
which’providehighattenuationsina restricted~equencyrangeandthat
theseattenuationscanbe approximatelypredictedf,roma theorypublished
byMorse(ref.6). Priorto 1951,applicationofthisobservedphenome-
nonhadnotbeenmadeto large-scalesound-controlproblems.ItWaS
decidedduringthecourseofthisproblemto experimentwithductsfor
attenuatingsoundinrestrictedfrequencyrangesusingthetheoryof
Morseandsubsequentpapersby Beranek(refs.7 and8)asa guidetothe —

design. s“
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DeterminationofacousticbuxXiance.-Thefirststepindetermtiing.
theDerfO~ e ofa tunedductisto ascertainthespecificacoustic
impe&ce ofthelining.Thespecificacoustichpedmce isdefinedas

. -theratioofthepressuretothepsrticlevelocityat thesurfaceofthe
material.Thishnpedsncemaybemeasuredinanacoustic-impedancetube
or itmaybe calculatedifmfficientinformationabouttheacoustical
materialisavailable.Thenecesssryquantitieswhichmustbe known
sreasfollows:

Rl specificflowresislxxnce,rayls/cm

P. densityofair,g/cm3

Y porosityofacoustical.materialdefinedasvolme ofvoids
ina materialto itstotalvolme

k structurefactor(structurefactorisdeterminedby config-
urationoffiberorporesin acousticalmaterial)

.

K volumecoefficientofelastici~of*
dynes/cm2(atverylowfrequenciesK

- highfrequencies,K = po)

P. atmosphericpressure,dynes/cm2

k ordertodet~e theacousticimpedance,
obtatithepropagationconstantforthematerial.
stantb Percentimet=iscanposedofa realand

b interstices,
= 1.4 Po; at

it isnecesssxyto
Thepropagationcon-
an imaginarypart.

Therealp-&tistheattenuationconstantinneperspercentimeterand
thehnaginsrypsrtisthephaseconstantinredismspercentimeter.In
ordertodeterndmethepropa~tionconstant,figures42 end43 sreused.
Theabscissaoffigure42 isobtainedby dividingtheflowresistanceper
centimeterofthematerialby theproductoftheangulsrfrequency,the
densityofair,andthestructurefactor.

Theflowresistancesperinchoftwoccmmmnlyusedacousticalmate-
rials,TWFFiberglasandFiber@asPFb-d> me sho~ ~ fiwe 44=

ZZeparameterinfigure42 isfoundby multip~g thedensi@of
theairby theproductofthestructurefactorsmdtheporositysnd
divid@ by K. Dataon structurefactorsarenotreadilyavailable
intheliterature.For?llberglasmaterialsofthetypesnsmedinfig-
ure~, thestructurefactormaybe assumedtobe 3.0. TheporosityY
isapproximatelyequalto0.95forFiberglasmaterials.

.
Havingdeterminedtheabscissaandthepsmmeter,theordinateis

fouudfrcnfigure42. Themagnitudeofthepropagationccmstantb is
- ,
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determinedbymultiplyingthe
isfoundfromfigure43. The
quantitiesforthisfigureas

N/KMT1’?3378

ordinateby u. Thephaseangleof b
abscissaandthepsrsmetersrethessme
forfigure42. Oncethephaseangleand

themagnitudeof b areknown,therealandimaginary‘partsaredeter-
minedintheusualmanner.Thequantityb isthenstistitutedh
equation(8)to obtaintheimpedanceZ as follows:

(8)

where

Coth hyperboliccotangent

d depthofacousticalmaterial

Y magnitudeofspecificacousticimpedance

fi phaseangleofspecificacousticimpedance

Thehyperboliccotangentofthecomplexquantitybd = (*1+ $!2) ~
be foundwiththeaidofa Smithchart(ref.9). Inordertousethe
chart,thehyperboliccotangentof ~1 mustbe fouud. !Ihisquanti~is
equaltotheqyantityshownonthecalculatoras (Max/Min). Inaddition,
thequantityontheedgeofthechartcalled“wavelengthstowardthe
load”mustbe determined.Thisquantityisequalto O.= = *2P” =
casea Smithchartisnotavailable,therealandimaginarypsrtsofthe
hyperboliccotangentof bd maybe foundficmequations(9)and(10)
as follows:

Realpart,

COthbd =
tsmh%l+ tan%a

Imaginarypert, .

cothbd =
tanh%l+ tan%p

(9)

(10)

Itmsybe economicaltoreplacepartoftheacousticalmaterialby
anairspace.Thisispermissible,iftheairspaceislocatednextto
thebacksurfaceandiftheflowresistanceoftheremainingmaterial
isticreased.Also,ifanah spaceisopenedupbehindthematerial,

.

.

.

b

.

“d
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.
itmustbe subdividedby imperviouspartitionstoreducetransmission
alongthelengthoftheductbehimdthelintig.

.
Determinationofattenuationofduct.-Theattenuatirmoftheduct

indecibelsperfootisdeterminedfranMorse’spaper(ref.6). For
thosewhohavenotfollowedthemathematicsinMorse*spaper,ittill
be ofhelpto outlinesimplythev~iousstepsnecessaryto calculate
theattenuationof soundina longsqum?eductwithallwallssimilarly
treatedas follows:

(1) Assumea ductofgiventransv~sedimensionsuniformlylined
witha materialwhosespecificnormalimpedanceisknown

(2)Calculate,ficmthesefacts,ateachfrequencytwoparameters
p and K whichinturnarerelatedby a formulato an attenuatim
constantcr.

(3) M~tipW a by X.6f/c to obtaimthe attenuaticmindecibels. perfoot(orcentimeter),where f isthedri~ frequencyand c is
thevelocityof soundin feet(orcentimeters)persecond.Forconven-
ienceincalculation,Morsehasplottedtwochsxts,oneshowingtheu
transformationfrc$ntheimpedance,frequency,ad dimensionsofthe
ducttotheparametersv and K, andtheothm,thetiansformation
frcm p and K totheconstanta. Thesechsrtsme presentedas
figuxes45 and46,.respectively.

Theprocedurein obtainingtheattenuationof soundindecibels
perfoot(orcentimeters) ina squareductofcrosssection22 having
allwallssimilsrlycoveredwitha materialwhosespecificnormalimped-
anceisgivenby

isas follows:

(1)Divide@ (h degrees)by 13.2

(2)Multiplyy by 2 anddivideby q,where q = 2f$,f isthe

frequency,and c isthevelocityof soundinfeetpersecond(orcen-
timeterpersecmd)

(3) use #/13.2 and 2y/v asabscissa
. infigure45 sndobtainp and K

(4)Multiplyv by 2.38anddivideby
‘w

andordinate,respectively,

q andsimikly for K
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(5) Repkce w/v - K/q by I.L1/TI and K’/q infigure46 and -
read u fromtheordinate —

(6)Finally,determinetheattenuationindecibelsperfoot(or “

()
centimeter)as 54.6a:

Themultiplicationof y by 2 and05 K/q and IL/rIby 2.83to
replaceY,K/~,and v/~ isnecesssrybecausethechartspresentedby
Morsearedrawnforthecaseofa singleabsorbingwall,whileherefour-
wallcoverageis considered.

.—

Frequently,itwillbe foundforca#esof smallattenuation(c< 0.1)
thatfigure46 isnotusableandthatonemustuseapproximateformulas
todeterminea;theseformulasaregivenasfollows:

r: [1+ (K’/v)2- (w’/n)ql/z

Alsoitisoftenfoundthat T : 1, sothat

IS : (1.L’/II)(IP/TI)

(12)

(13)

Referencetofigure45 showsthatthereisa regiononthechartinthe

&vicinityof .2= -3 and ~ . 1.0 wheretheattenuationwillbe very

large.Itisthisregionof&e chartthatholdsthemostinterestand
isthepointatwhichthecenterfrequencyis chosen.
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DESIGH OF REWNATWU3 FOR 5- !lU L1-CPS FREQUEWX RANIIE

mmber
of slots

Scale-model
Fwl-scd-e

slot
BIOt

dimensions,
almenafonfi,

in. (:
1.8X 0.81j31.23x k

1.5x 0.82 1.5x 4.46

6.55X 1.9 1,75x 5.33

6.55X 2.97) 2 x 5.74

bG.~ X 2.3
2 X 6.53

Full-sc@.e
volume of*
behindslot,

Cu ft

28,100

20, Cx)o

17,3m

12,400

9,730

Full-scale
M.8tsnce
between

partitions,
ft

Expected
full-scale
resonauce
frequency,

Cps

57.0 4.85

36.2 6.2

23.45 7.7

20.0 9.0

17.4 1o.5

?Oimensim6sre ad.lustd to accountl?Orexmrimentalobservatlcmthatmeasured
resamncefrequ~les=e approxhnate~10Per;enthigher* thosecalculated.

EEightslotswereusedinscalemcdelforthisresonator.~ allothercases
fourslotswereused.

L ,
* .
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Fuu.-scele
Full-scale Fulh3cele
vohme of diwlzmce Expectedfull-

Resonatox Nllllber Blot alrbehind between scaleremmance
number Ofslots dimermions, Blot, @ltions, freqpency,

ft Cun fi Cps

6 4 1 X 2.5 1,gyl M*7 u

7 4 1 x 2.5 1,430 U.7 14

8 4 1 x 2.7 l,og5 10.> lb

9 4 1 X 2.5 665 8.3 le

10 4 1 x 2.5 7m 6.75 20

vl
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SOUND PRESSURE LEVELS ALONG DIFFUEERAND ACOUSTICAL EXTENSION (RESONA!K)RS0F71N)

[Source,motor-drivencme; Instrmnarb,General Radio sound-levelmeter]

Tlmuel
station

(see

fig. 13)
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KmlDmsuKs ILEvEwAImcDllTwm Am AcomrmAL KxTmsl-on(RFsoiwmwCImsD)

[*e, *+- mm; m trrm!nt,GeneralRdio Eauna-level meta]

3
.2
1

K
L
M

o

p.o
78,0
‘(6.0

7::
73.0
~.o
75.5

‘69.5
68.0
&5.o
62.0
62.0
63.o
64.0
64.0
61.0
5&5.:

67:0
p.o

Dlstancm t-ran Distance along MraU pxemure lwel.s, db, fara frequemy of -

hlmel stitim6. acclwtlcel
tatiolldorg diffu9ff, extension, 5 6 6.5 8.2 9.4 1.2 14 V.73 ~ 20-5= 22.8

Ft rt Cps cm Cpa Cpn Cps Cps cpa Cpa Cpa Cps Cps cpB

6 0 81..o 89.0 % 9.5 m.o p.o 98.0
12

?
m.o 89.0 80 Ioo.o 93..3*00 91.o

& 81.O *.O % g.: 99.0 93.5 9.0
z:: m%::
89.> ~.O

‘(8.5 *.7 B $$.0 9.0 93.0
g

I.00.OI.01.O
96.0 ~ 93:5

;:: ~
g.o 813.5~.~ 8!.0 88.0

%.5 9 9.3 94.5 ~.o %.0 99.0 loo.5
n.o %.0 &(

m% *.O
i

92.0 9j.5
82.0 76 z:;

5$; g:; !=;
E!8.o 89.o

73.0 ~ &.o w 81.0 93.5 “z?.? 91..O &3.o 85.5
7’2.0

!

80.0 69 79.0 92.0 9.5 5.0 82.5
p.o 78.5 ~ 82.0 87.o g3.o 09.0 @.o
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Figurel.-T!rsnsparentviewofcoqpleted8-by 6-footsupersonicwind
tunnelatLewisF~t PropulsionLaboratory.
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